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Abstract 
 Microfluidic devices are small portable diagnostic chips that allow for analysis of a 
biologic sample at relatively low cost. This makes them ideal for settings where a hospital is 
unavailable. The microfluidic pretreatment isoelectric focusing DC-field assisted H-filter is a 
device that allows for the separation of differently charged particles in a biologic sample. It does 
this by employing the concepts of diffusion, electrophoresis, and isoelectric focusing. This is 
perfect for isolation of a desired analyte or separation of waste from a sample in order to achieve 
better diagnostic results. The device was first modeled mathematically and visually using 
Comsol. The device was then manufactured using laser cut acrylic, bibulous paper, acrylic 
cement, tygon tubing, and silicon adhesive.  Finally the device was tested using charged 
fluorescent microspheres. There were many problems with implementation of the device and it 
was eventually found to not meet the specifications required.  
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1. Background 
1.1 Point-of-Care Diagnostics 
Point-of-care (POC) diagnostics is an emerging field that focuses on bringing diagnostic 
technologies, that currently only exists in a lab, to the patient. The need for low cost, fast, easy 
and accurate diagnostic testing can be seen in developing countries, the military and in hospitals. 
[1] There are many different areas of research within the field of Point-of-Care diagnostics 
including Lab-on-Chip diagnostics [1].  
1.2 POC Applications 
Many communicable diseases flourish in developing countries [1].  This is because many 
of these countries have poor healthcare and waste disposal [1]. It is also because many of them 
live in tight-knit communities which allow disease to spread quickly. Bringing POC diagnostics 
to one of these communities would allow doctors to diagnose patients on-site and allow them to 
be able to administer treatment immediately [1]. Previously, samples would have to be taken to a 
lab.  This reduction in time would greatly increase quality of life for people in countries such as 
these [1]. 
POC would also be important in the military for the same reasons. Many times the 
battlefield is far away from a hospital and ill soldiers would have to be transported [1]. 
Transporting wounded and sick soldiers allows their critical conditions to progress; therefore it is 
essential that the patient be diagnosed as early as possible in order to treat the illness 
immediately when they arrive at the hospital.  With this technology the patient can be diagnosed 
in the field or on the way to the hospital in order to be treated as fast as possible [1]. 
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Hospitals also have a need for POC diagnostics.  Many times, contagious diseases can easily 
spread throughout a hospital.   A device that could quickly diagnose a patient with a 
communicable disease would be important in identifying whether a patient should be quarantined 
or not. It can also allow busy hospitals to prioritize which patients need immediate care. [1] 
 
1.3 Lab-on-a-Chip Technology 
In order to successfully implement POC diagnostics, Lab-on-a-chip (LOC) technologies 
are emerging. LOC can perform diagnostic testing that would normally only be possible in a lab 
with a small device that could ideally fit in the palm of someone’s hand.  As this is a new field, 
scientists have been unable to compartmentalize a lab into one device, but instead the equipment 
in the lab is miniaturized. Different instruments are needed for complete diagnosis of a sample 
meaning there would be a series of different chips needed to complete the task. Each chip should 
be able to be used independently and in conjunction with each other depending on the task at 
hand. The following figure is used by the California Polytechnic State University, San Luis 
Obispo biofluidics group in order to categorize the function of each chip the group is 
researching.  
        
 
Figure 1: Functions of Lab on Chip Technology 
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1.3.1 Sample Collection 
One of the most important functional areas of LOC technology is sample collection [4].  
This is because the collected biological sample plays a huge role in the success and accuracy of 
the LOC technique as a whole. Since a small sample volume will be used in these microfluidic 
devices it is essential that it accurately represents the sample as a whole [4].  Contamination of 
the sample and using the wrong sampling techniques are the most common errors that occur 
during this process [4].  
The biologic sample that is being collected can vary depending on what needs to be 
tested, but the most common are blood, sweat, saliva and urine [4]. Since many of these samples 
will be collected straight from the body there will be many formed elements that may cause 
device fouling [4].  The fouling may occur from channels, filters or pumps being clogged with 
formed elements [4].  Since whole blood will cause this problem it is more common to see blood 
serum or blood plasma being used. The yellowish fluid that is separated from whole blood, via 
centrifuge, is called the blood plasma.  The centrifuge eliminates the formed elements in this 
case.  In the case of blood serum it is the blood plasma devoid of clotting factors. If blood plasma 
is used as the sample, anticoagulants must be used to inhibit it from coagulation.[2] Since this is 
the case it is much better to use blood serum as the sample, but both are acceptable and will be 
able flow through a microfluidic device. Blood plasma does have its advantages with certain 
testing because the viscosity can be used as an indicator due to its dependency on the expression 
of clotting factors.  In the case of POC diagnostic technologies, most samples wouldn’t have to 
be preserved.  If the testing was not done on site, however, than this step is essential in keeping a 
fresh sample that will give an accurate diagnosis.  
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1.3.2 Sample Pretreatment  
The function of the sample pretreatment stage is to change properties of a collected 
sample in order to allow further processes to handle the sample.  Examples of different properties 
that are typically changed are viscosity, pH, and electrical conductivity of the fluid.    Most of the 
time about 80 percent of sample analysis is spent during the sampling and sample pretreatment 
stages. [3, 4] Controlling the viscosity of a sample is very important in controlling fluid flow 
through the device.  Manipulating the pH of a sample is important in achieving a desired 
isoelectric focusing point, which will help in chips that use electrokinetics [5].  Conductance is 
also important in electrokinetic chips. For example deionized water has a resistance of 18 MΩ, 
which is too great to conduct electricity [5]. In order to fix this problem salt or ions should be 
added to the water in order to increase the conductance of the solution [5]. If conductance is too 
low it can cause electrolysis and joule heating [5]. In the case of a sample containing 
microspheres, it is very important that the surfactant concentration be at the appropriate amounts 
[5].  Flocculation of the microspheres will occur in the solution if there isn’t a surfactant. [5] 
1.3.3 Sample Preparation 
Sample preparation differs from sample pretreatment in that its focus is amplifying the 
concentration of a desired analyte [4]. In order to achieve this, unwanted molecules, such as 
proteins and ions, must be removed from the pretreated sample [4]. These unwanted molecules 
will cause noise in the analysis stage, which will decrease the accuracy of the test result [4]. 
Many electrokinetic chips are designed to handle analyte amplification and separation of 
unwanted molecules [4]. This is done by identifying the electrophoretic mobility of each unique 
molecule [4]. Each molecule’s electrophoretic mobility is harnessed to allow for separation and 
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isolation of the undesired molecules [4]. Two factors that are involved in determining the 
mobility are the charge and size of each molecule which means the conductivity of the sample is 
very important in separation [3].  Since this is the case, it may be very important to pretreat the 
sample to allow for this stage to function properly [3]. The isoelectric focusing DC 
electrophoretic double H-filter fits under this category because its sole aim is to separate and 
isolate unwanted molecules, such as albumin. [3, 4] 
1.3.4 Detection/Post Processing 
The final stage is detecting the desired analyte in the collected sample.  This is typically 
accomplished by immunodetection which employs antibodies that will bind to a specific antigen 
on the analyte desired. This binding process will then produce a detectable physical or chemical 
change.  Examples are a thermal, mechanical, optical or electrical change in properties.  A 
computer system can then obtain one of these signals and convert it into an electrical signal that 
can be further interpreted by software. The software will then be able to determine if the desired 
molecules were present in the sample.  Much of the time, a clear signal can’t be obtained initially 
because there is a lot of noise in the collected data.  To fix this problem post processing is 
required to attain a clear signal. Once the signal is clear the data is ready to be interpreted by the 
user. 
1.4 Properties of Albumin 
Human serum albumin is very abundant in blood and accounts for over 50% of total 
plasma protein content [6]. It is a non-glycosylated, negatively charged plasma protein that is 
very small and is composed of 585 amino acids [6]. It is primarily created in the liver and has 
many physiologic uses throughout the body [6]. Some of these functions include maintaining 
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colloid osmotic pressure, helping maintain microvascular integrity and is also involved in the 
process of inflammation [6]. The tertiary structure of human serum albumin can be seen below in 
figure 2. Since albumin has many clinical uses, including modulating inflammation and vascular 
volume maintenance, separating albumin from a blood sample can be advantageous [6]. It is also 
advantageous to separate albumin from a blood sample for diagnostic reasons. [6] 
 
Figure 2: Albumin Tertiary Structure 
 
1.5 Microfluidic H-filter 
The H-filter is one of the most common devices used in the field of microfluidics. It 
works by the formation of a liquid junction potential [7].  This potential is formed at the interface 
of two fluids that have different ionic compositions [7]. H-filters have two inlets where one inlet 
pumps in a buffer solution and the other inlet pumps in a solution containing the sample [7]. The 
outlets will then collect the filtered sample and waste in separate channels [7]. The sample 
solution, in the case of a blood sample, will contain blood cells and plasma [7].  The plasma 
consists of much smaller proteins and these smaller molecules will easily diffuse into the buffer 
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stream because of the liquid junction potential that is formed with the imbalance of molecular 
concentrations in both streams [7]. Figure 3 below depicts how the H-filter works and shows the 
smaller molecules diffusing into the buffer stream. This is a very effective method of separating 
blood plasma from a blood sample using small volumes of sample. [7] 
 
Figure 3: Liquid Junction Potential in H-filter 
This project employs a double H-filter design that will be used in order to effectively 
separate charged species. A double H-filter consists of three inlets and three outlets for the 
separation chamber and one inlet and outlet for the electrode chamber. Essentially this type of 
device would be able to separate three types of species, one with a negative charge, one with a 
positive charge and one with neutral charge in appropriate pH conditions. 
1.6 Electrophoresis Background 
1.6.1 History and Current Uses of Electrophoresis 
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The history of electrophoresis can be taken all the way back to 1791 with Faraday’s laws 
of electrolysis [8]. However, some of the most important discoveries in the world of 
electrophoresis didn’t occur until the 1900s. In 1930, Tiselius used sharp electrophoretic moving 
boundaries to separate albumin and globulins in blood serum [8]. He created a U-shaped quartz 
glass tube which he first filled with an aqueous buffer [8]. He then added a mixture of the 
proteins and placed positive and negative electrodes on each end of the U-shaped tubes [8]. Once 
the experiment was performed he used photography with ultraviolet light to see that there were 
barriers between each protein type. [8] 
The next breakthrough in this field came with the use of polyacrylamide gels (PAGE) [8]. 
Raymond and Weintraub first used this method in 1967 to determine molecular weight of 
proteins [8]. This method is effective in separating molecules based on size and charge [8]. Pores 
in this gel get increasingly smaller towards the anode and molecules will eventually become 
trapped in these pores [8]. This technology has consistently been used since the creation of this 
method and currently has advanced to being able to separate DNA and chromosomes.[8] This 
technology is limiting, however, because it can’t separate small particles such as ions because of 
the gel pore sizes [8].  
The most recent electrophoresis breakthrough came with the discovery of capillary 
electrophoresis [8]. One of the main problems seen with larger free solution electrophoresis 
techniques was that of thermal convection [8]. Capillary electrophoresis solved this problem by 
implementing smaller diameter tubes [8]. The smaller diameter allows for greater dissipation of 
heat and rapid separation of analytes. [8] 
1.6.2 Electrophoresis Theory  
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The theory of electrophoresis involves many different areas of research and can be 
applied in many different ways. Electrophoresis, in general, is the movement of particles relative 
to a fluid in an applied electric field [9].  To theoretically predict the speed of rigid particles due 
to an electric field, the Smoluchowski formula, seen in equation 1 below, should be used to find 
a particle’s electrophoretic mobility [9]. The variables ɛr, ɛ0, ζ, and η are, respectively, the 
relative permability of the liquid, the permittivity of a vacuum, the zeta potential (or the 
electrokinetic potential), and viscosity of the liquid [9]. This equation gives the theoretical 
velocity of a charged particle perpendicular to an applied electric field. [9] 
 
 
Equation 1: Smoluchowski Formula [9] 
Since this device is being developed in order to effectively separate proteins, this formula 
is not quite an accurate model of the particle dynamics that would be seen. In the field of 
electrophoresis, proteins would fall under the class of polyelectrolytes [9]. A polyelectrolyte is 
classified as a polymer with repeating units bearing an electrolyte group [9]. Since all proteins 
and DNA have this attribute they are classified as such [9]. For particles that fall under this class 
of particle a separate equation, called the Hermans Fujita equation should be used [9]. The 
variables ϱfix and ϰ are the density of uniformly distributed fixed charges and the Debye-Hṻckel 
parameter, respectively [9]. The variable, λ, is equal to (γ/η)1/2, where γ is the frictional 
coefficient of the polyelectrolyte. [9] 
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Equation 2: Hermans-Fujita Equation [9] 
The main difference between these two equations is that equation 2 fails to involve the 
zeta-potential.  Since this is the case, both theories of particle electrophoresis are incompatible. 
However, only recently have the two theories been combined in order to approximate the 
electrophoretic mobilities of “soft” particles [9]. A soft particle consists of a rigid core with a 
polyelectrolyte surface layer. [9] Figure 4 below demonstrates the differences between rigid, soft 
and polyelectrolyte particles.  
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Figure 4: The spectrum of currently recognized electrophoretic particles [9] 
 
In order to accurately model the electrophoretic mobility of soft particles the two 
equations are essentially combined to form a model equation, which under different conditions 
can accurately describe all three types of particles [9]. The variables ϰm, Ψ0, and ΨDON represent, 
respectively, equations 4, 5, and 6 [9]. The variables in these equations are k, T, z, e, n which is 
the Boltzmann’s constant, the absolute temperature, the valence, the elementary electric charge, 
and the number density of the polyelectrolyte layer, respectively. [9] 
 
 
 
 
 
Equations 4: Model Equations for the Electrophoretic Mobility of Soft Particles [9] 
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In cases where the thickness of the polyelectrolyte layer is much smaller than the radius 
of the particle the Smoluchowski equation should be used [9]. In cases where the radius of the 
particle is much smaller than the polyelectrolyte layer the Hermans and Fujita equation should be 
used. [9] 
Since this device will be designed to separate carboxylate- and amine- surface modified 
microspheres, and not proteins, it would be foolish to use the Hermans and Fujita equation. This 
is because the microspheres consist of a rigid particle with a polyelectrolyte surface layer (see 
figure 5 for a depiction). It can also be safe to assume that the thickness of the polyelectrolyte 
surface is much smaller than the radius of the actual microsphere. Since this is the case, the first 
assumption will be that the microspheres act more like a rigid body and the Smolochowski 
equation will be the most applicable. However, for any future work in using this H-filter to 
separate proteins the Hermans-Fujita Equation would be the most appropriate.  
 
Figure 5: A soft particle with a polyelectrolyte surface and a rigid core [9] 
 
1.6.3 Free Flow Electrophoresis 
Instead of using an H-filter, free flow electrophoresis devices can be used to separate 
molecules based on their electrophoretic mobilities [10]. Free Flow Electrophoresis (FFE) 
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involves a continuously flowing sample stream that is perpendicular to an applied electric field 
[10]. Charged particles will then be deflected from the angle of flow and the deflection angle will 
be determined by the electrophoretic mobilities of each species [10]. The electrophoretic 
mobilities in this type of device can be determined by using the equations in the electrophoresis 
theory section above, however, some major influences are the charge and surface area of each 
species, the electric field strength and the viscosity of the solution [10]. The separated 
components of the sample will then be collected as they exit into the separation bed. [10] 
 
Figure 6: Free Flow Electrophoresis Chip [10] 
1.6.4 Free Flow Isoelectric Focusing 
The concept of Free Flow Isoelectic Focusing (FFIEF) employs both the electrophoretic 
mobilities and the isoelectric point of each species in a sample [11].  Isoelectric Focusing works 
by concentrating species based on the pH point, or isoelectric point (pI), where the species are 
effectively neutral. [11] At pH values above a molecules pI it will migrate towards the cathode 
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effectively giving the molecule a negative charge [11]. The opposite is true for molecules that 
have a pI lower than the solution pH [11]. This is achieved by setting up a pH gradient across the 
separation channels by adding ampholytes to the solution [11]. Ampholytes are molecules that 
contain both acidic and basic groups and will arrange themselves at certain distances from the 
electrodes [11]. Ampholytes can also be purchased in certain pH ranges that will then be 
portioned across the separation channel in the presence of an electric field [11]. When the sample 
molecules move through the pH gradient they will pick up or lose protons changing its charge 
along the way [11]. Once the molecule has picked up enough protons to have an effectively 
neutral charge it has found its isoelectric point and should migrate linearly in the direction of 
flow into the collection outlet.[11]  Figure 7 below demonstrates how this process would work in 
a FFIEF chip. 
 
Figure 7:Physics of Isoelectric Focusing[11] 
1.7 Properties and Electrokinetics of microspheres 
1.7.1 Carboxylate-Modified Microspheres 
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Carboxylate-modified microspheres consist of a sulfate microsphere with polymers of 
carboxylic acid groups grafted to their surfaces [5]. These microspheres are hydrophilic and have 
a polyelectrolyte layer a few angstroms thick [5].  This means that it can be classified as a rigid 
body particle and Smoluchowski formula can be used to predict the electrophoretic mobility of 
the microsphere [5]. The surface charge on carboxylate-modified microspheres is between .1 and 
2.0 milliequivelants/gram which means they are stable for up to 1M of univalent salt [5]. 
 
1.7.2 Amine-Modified Microspheres 
Microspheres that are carboxylate-modified are chemically modified to create amine-
modified microspheres to give hydrophilic particles positively charged amine groups [5]. They 
have a very high charge density and their polyelectrolyte surface layer is only a few angstroms 
thick [5].  This means that the Schmoluchowski formula can also be used for these microspheres 
[5]. 
 
1.7.3 Buffer Optimization 
In order to choose the best buffer solution for the microspheres the surface charge and 
density must be taken into account [5]. Anionic microspheres should be coupled with an anionic 
buffer and cationic microspheres should be coupled with a cationic buffer [5].  The anionic 
microspheres should also be used with a buffer of low ionic strength while the cationic 
microspheres can be used in a buffer with a rather large ionic concentration [5].  Since 
microspheres have a charge they can collect molecules on their surfaces, which will decrease the 
surface charge of these particles [5].  In order to prevent this, water used to prepare the buffer 
should be doubly distilled [5]. The pH of the buffer solution is also very important. Carboxylate-
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modified microspheres should be coupled with a buffer with a pH greater than 5 [5]. Amine-
modified microspheres should be coupled with a buffer with a pH of less than 9 [5]. When a 
buffer is used that doesn’t meet the pH requirements of the microsphere they will become 
neutralized and start to agglomerate [5].  If this is to occur the microspheres can be redispersed 
by adjusting the pH of the buffer solution accordingly [5]. Since the double H-filter will be using 
both carboxylate- and amine- modified microspheres, special considerations need to be made to 
use a buffer that will accommodate both types.  This means that the buffer must have a low ionic 
strength to accommodate the amine-modified surface and the pH of the buffer must be between 5 
and 9. [5] 
2. Introduction  
2.1 Hypothesis 
A continuous flow microfluidic H-filter can be coupled with direct current 
electrophoresis to successfully separate particles based on charge and isoelectric focusing point, 
which will enhance the success of diagnostic testing by separating unwanted particles. 
2.2 Goals 
1. Design an isoelectric focusing DC electrophoretic double H-filter System. 
2. Model an isoelectric focusing DC electrophoretic double H-filter System 
3. Fabricate an isoelectric focusing DC electrophoretic double H-filter system using Cal 
Poly Facilities and Resources. 
4. Validating functionality of isoelectric focusing DC electrophoretic double H-filter with a 
sample separation success of 70% efficiency and 80% purity. 
 
2.3 Motivation 
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The motivation for this project comes from a need for smaller Point-of-Care devices. 
Devices like this can be used in the field to quickly diagnose patients. Specifically, this device is 
intended for separation of blood plasma from a blood sample. Many diagnostic tests will have a 
lower probability of giving a successful analysis when plasma is left in a blood sample [1]. There 
are devices available that already successfully separate plasma from blood (such as a centrifuge), 
however, these machines are very large and require a rather large sample size to be successful. A 
device that can separate plasma from blood with a smaller sample size at the micron scale would 
be very beneficial for fast and efficient sample preparation.  
 
2.4 Overview 
This report will cover all the work it took to design an isoelectric focusing DC-field 
assisted electrophoretic double H-filter and the challenges associated with separating charged 
particles at the micron scale.  The design will be able to separate microspheres with carboxylate- 
and amine- modified surfaces. These microspheres will have a negative and positive charge, 
respectively, in ph conditions that are effectively neutral (a pH approximately equal to 7). A DC 
electric field will then effectively separate these microspheres, based on charge, in a continuous 
free flowing microfluidic channel and use appropriate buffer solutions to effectively separate 
them based on their isoelectric focusing points.  A literature research was performed on the areas 
of electrophoresis, microfluidics, and Lab-On-Chip technologies in order to effectively design 
this device.  
The background section covers the need for Point-of-Care (POC) devices, explores Lab-
On-Chip technology, describes electrophoresis theory, and surveys current microfluidic and 
electrophoretic devices. The Materials and Methods section covers how the device was modeled 
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using the software package Comsol, the materials required to manufacture and test the device, 
the manufacturing techniques employed in fabrication of the device, and the experiments 
performed to validate the device’s requirements. The result’s section includes all experimental 
data and statistical analysis of said data to confirm that the project requirements were reached. 
Finally, the discussion and conclusion section will explore the meaning of the results and all of 
the problems and successes encountered while designing, manufacturing, and testing this device. 
 
3. Materials and Methods 
3.1 Device Design 
The designed chip is intended for sample preparation which means it needs to be 
designed in such a way that will allow for the separation and isolation of the target analyte. In 
this case the chip is a proof-of-concept double H-filter device that requires the separation and 
isolation of two target particles that possess opposite charge. The two particles are intended to 
simulate proteins in a whole blood sample, but can be applied to other fluids where there are 
“junk” particles of opposite charges. The chip must also be compact and allow for the separation 
of relatively small samples.  
3.1.1 Design Requirements 
The main design requirements for this device are that it was able to successfully separate 
charged microspheres with 70% efficiency and 80% purity, while being compact and requiring a 
small sample size. However, other design requirements emerged as the project continued. The 
device needed to be created using inexpensive materials, due to limited funding, and equipment 
used in manufacturing and experimentation must be part of Cal Poly resources.  
3.1.2 Conceptual Designs 
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Since the chip must successfully perform the tasks previously stated, it was designed to 
include a separation chamber and two electrode channels. The separation chamber must consist 
of three inlets and three outlets. The two outer inlets will be used for continuous flow of buffer 
solution while the center inlet will allow for continuous flow of the sample. The outlets of the 
separation channel will be used to collect each particle after sample preparation is performed. In 
an ideal device the outlet nearest the positive electrode will collect the negative carboxylate 
microspheres while the outlet closest to the negative electrode will collect the positive amine 
microspheres. The center outlet is intended to collect any neutral molecules. 
In order to prevent microspheres from migrating into the electrode chambers, a porous 
membrane was implemented that allows for ion migration, but still keeps the microspheres in the 
separation channel.   The electrode channels were designed differently from the separation 
channels in order to prevent joule heating and to stop the formation of bubbles at the electrode 
surface. In order to prevent bubble formation the channels needed to be larger to allow for faster 
and greater fluid flow that will essentially eliminate any bubbles that form. Since the device is 
proof-of-concept it was also essential to include a viewing window that would allow for imaging 
of the device by LabSmith microscopes in the biofluidic’s lab. 
3.1.3 Double H-filter Geometry 
Since one of the main requirements of the project was that the device needed to be 
compact the geometry of the device was very important. The device couldn’t be too small 
because of the materials being used, but couldn’t be too big or it wouldn’t work effectively 
without a very large voltage. Normally microfluidic devices would be designed on the micron 
scale, hence the name, however this wasn’t possible due to design requirements. Since this was 
the case, it was decided that the centimeter scale was more appropriate. Although the exact 
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dimensions were arbitrarily chosen it has little effect on the functionality of the device as long as 
appropriate sample sizes, electric field, and flow rates were chosen. AutoCAD was used to 
successfully design the layout of the device. This software is a useful computer drafting tool that 
is able to be used with multiple types of machinery including the Universal Laser Systems X2-
660 laser cutter.  
3.1.4 Materials Selection 
To create the device as effectively and inexpensively as possible, extruded acrylic and a 
glass slide were used to create three layers. Extruded acrylic was used because it can be 
purchased inexpensively and can be used in conjunction with a laser cutter. A 1/8” thick 12x12” 
piece of clear extruded acrylic was purchased from McMaster-Carr and used to create the top 
two layers of the device. These two layers were adhered together using acrylic cement. The glass 
slide was used for the bottom layer in order to optically image the behavior of the particles. It 
was adhered to the top acrylic pieces by using waterproof silicone adhesive. 
 Other materials include the following: Tygon® tubing that is used as injection points for 
the inlets and outlets; copper wire that is used as the electrodes; and bibulous paper and double 
sticky back tape to construct the membranes.  
3.2 Modeling 
3.2.1 Calculations Performed 
An excel spreadsheet was created to calculate the flow rate and voltage that would be 
required for separation. The Smoluchowski Formula described above was used as the main 
equation for this spreadsheet. The spreadsheet employed the device geometry, density of the 
fluid, viscosity of the fluid and sample size. The spreadsheet was set up so that when the 
residence time was inputted it would calculate the flow rate and voltage required for separation. 
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In this experiment 500 s was inputted for the residence time. For the flow rate and voltage the 
spreadsheet output 4.90E-06 L/s and 56.9 V respectively. A screenshot of the spreadsheet was 
provided in appendix Z. 
 
3.2.2 Comsol Model 
A Comsol model was also created to visually simulate the separation of two charged 
species. The calculations and geometries were taken from the excel spreadsheet. An image of the 
separation can be seen in Figure # below and all additional data can be seen in Appendix #.  
 
Figure 8: Comsol Model Demonstrating Flow of Negatively Charged Particles 
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3.2.3 AutoCAD Models 
Two AutoCAD models were created in order to manufacture the device using a laser 
cutter. Two pieces of the H-Filter were created using this software. The first piece designed for 
the device was a rectangle with dimensions of 5 by 3.5 cm. This piece is intended as the top 
piece of the device. The second piece was designed to be the separation and electrode chambers 
of the device. The electrode chambers are 2.7 cm long and .8 cm wide. The inlet and the outlet of 
the electrode chambers was designed in a triangle configuration in order to channel the flow into 
the inlet and outlet tubing. The triangle comes from the vertical direction at a 45 degree angle 
that intersects in the center of a semicircle with a radius of .0425 cm. The electrode chambers are 
located on both edges of the device. In between the electrode chamber is the location of the 
membrane. The membrane is .2 by 1.6 cm. The separation chamber is 1.8 by 2.2 cm and has 
three inlet and three outlets. Each inlet and outlet has the same triangular configuration that can 
be seen in the electrode chambers. The AutoCAD model can be seen in figure ? below.  
 
Figure 9: H-Filter AutoCAD Model 
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3.3 Manufacturing 
3.3.1 Laser Manufacturing 
The AutoCAD model previously created was used to laser cut the middle piece of the 
device to have appropriate channel dimensions.  The laser cutter that was used can be found in 
the Cal Poly Mustang 60’ machine shop and is a Universal Laser Systems X2-660 model. This 
model is setup with software that allows for importation of the device design that will then be cut 
out of the material being used. However, the software only allows for the importation of Adobe 
Illustrator (AI) files. To do this, first a new file must be opened in AI and then set to the 
dimensions of the material, which were 12x12”. In AutoCAD the dimensions can then be copied 
and pasted into the AI file and placed at the exact locations where cutting is required.  
 
Figure10: Example AI File 
 
Once the AI file is setup it can be opened using the computer attached to the laser cutter. 
The first step once the file is opened is to click PRINT from the FILE drop down window. The 
print window will then open for the X2-660. Based on the material being used and the type of cut 
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being made a handbook that is part of the laser cutting system should be referenced. For the 
application of a 1/8” piece of extruded acrylic to successfully vector cut the channels the power 
was set at 100, the speed at 1.3, and the PPI at 600. These variables were then set and the PRINT 
button was selected. This sends the file over to the laser cutter.  The laser cutter is now ready to 
setup. The first step is to turn the machine on, which can be done in the machine shop by turning 
on a switch located on the wall and then turning on a switch on the lower side of the machine. 
The air also needs to be turned on in order to evacuate any undesirable fumes that will be 
produced while cutting. The machine must also warm up before being used. The next step is 
ensuring that the Z-direction is calibrated correctly. This is done by pressing the Z button on the 
machine and then using a specialized tool. The tool should be placed flat against the laser and the 
up and down arrow keys should be used until the tool fits perfectly within a notch on the laser. 
Once this is ensured, the Z button should be pressed again to set the calibration. The material 
should then be placed in the top left edge of the machine and the lid should be closed. The 
appropriate file should be found on the laser cutter’s display and should be selected.  Finally the 
start button should be pressed to start the cutting process.  
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Figure11: Universal Laser Systems X2-660 
 
3.3.2 Adhesion of Parts 
In order to successfully adhere the top two acrylic pieces together IPS Weld-On 3 Acrylic 
Cement was purchased from TAP plastics. A small paint brush was then used to apply a layer of 
the cement to both pieces. They were then immediately lined up and held together for about 5 
minutes to allow the cement to set. After 24 hours the cement was fully set and further work 
could be performed on the device.  
3.3.3 Drilling holes  
The next step in manufacturing was drilling holes to insert Tygon® tubing into the inlets 
and outlets. After much trial and error it was found that it was better to drill holes that were 
smaller than the tubing in order to create a tight fit that would prevent leakages. A drill press 
from the Cal Poly machine shop was used to drill these holes and a 53 numbered drill bit was 
employed for the task. This drill bit was found to be the correct fit based on trial and error. The 
bit is inserted into the drill press and then tightened into place so it will drill into the acrylic 
without wobbling. The drill was lined up with the inlets and outlets that were laser cut into the 
acrylic. Once all of the holes were drilled, the tubing was cut at an angle and pulled through the 
holes that were created until a tight fit was observed. The ends of the tubing were then cut flush 
with the top piece of acrylic so as not to obstruct flow during experimentation.   
Additional holes had to be drilled for placement of the electrode wire in the device. From 
trial and error it was found that the best hole for the copper wire was created with a numbered 57 
drill bit. However, this was because it was the smallest drill bit that was available at the Cal Poly 
machine shop. Since the copper wire didn’t fit perfectly in the holes, waterproof silicon adhesive 
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was used to fill the remaining space. The holes were drilled in the center of the electrode 
chamber at the point where the bibulous membranes began. Two holes were drilled on both sides 
of the electrode chamber and the copper wire was threaded in until it was flush with acrylic top 
layer.  
3.3.4 Adhering Bibulous Filter 
In order to make a membrane that can successfully block microspheres from entering the 
electrode chambers but allow for ion transport, bibulous paper and double-sided tape were used. 
Bibulous paper is highly porous and therefore very absorbent, which means it is perfect for this 
application. Strips of bibulous paper and double-sided tape were cut using scissors to dimensions 
approximately .3 x 2.7 cm. Tape was first adhered to the top piece of acrylic in the space 
between the separation chamber and the electrode chamber. A piece of bibulous paper was then 
lined up with this strip of tape and adhered. Alternating bibulous paper and tape strips were then 
placed until the membrane was tall enough to come slightly over the lip of the acrylic.    
3.3.5 Adhering Glass Slide 
The final step in manufacturing the device is adhering the glass slide to the bottom. A 
100% RTV silicone was purchased from Home Depot.  The sealant was liberally administered to 
the edges of the glass slide and to the acrylic.  The two pieces were then held together until 
stable, which took about 8 hours. Once stable the sealant was used on the outer edges of the 
device in order to seal all of the cracks and to make sure there are no leakage points. The device 
was then allowed to dry for 24 hours. During water-tight testing if any leaks were discovered 
more sealant was used until the device was found to be water-tight. 
3.4 Equipment 
3.4.1 LabSmith HVS448 High Voltage Sequencer (Model 3000) 
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The LabSmith HVS448 Voltage Sequencer is a high voltage source that is capable of 
being programmed to the specifications of any experiment.  It is able to switch between voltage 
outputs instantaneously once programmed.  This experiment, however, just used the basic 
features of this device to supply a voltage across the separation chamber. The device is used by 
tethering the copper wire electrodes used in the device to one of the voltage output wires. Once 
tethered the computer can be used with this device to select the appropriate voltage value needed 
and have it sent through the device.  It is able to display an exact readout of the voltage output 
being supplied and can be adjusted as needed. It even limits the current values in order to 
decrease the likelihood of extreme currents that could cause bubbles due to electrolysis.  
 
 
Figure 12: LabSmith HVS448 High Voltage Sequencer 
3.4.2 Harvard Apparatus 11 plus Syringe Pump 
This experiment used three Harvard Apparatus 11 plus Syringe Pumps. They were used 
by connecting a syringe to the inlet and two outlets of the separation chamber. The syringes were 
clasped in place for each device and turned on. Appropriate volume and flow rate values were 
inputted into each device. The inlet device was set to push the syringe and the outlet devices 
were set to pull the fluid out. 
29 
 
 
Figure13: Harvard Apparatus 11 plus Syringe Pump 
3.5 Device Testing 
3.5.1 Water-Tight Testing 
The first test performed on the device was to make certain that the device was water 
proof in order to prevent leakages during experimentation. In order to ensure this, blue dye was 
mixed with water and injected into the device. If there were any detectable leaks they were fixed 
using silicone adhesive and the test was performed again. The figure below shows a successful 
water-tight test.  
 
Figure 14: Water-Tight Testing 
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3.5.2 Static Experiment Setup 
The device was setup on a paper towel in order to spot leakages quickly and to avoid 
spillage on to any parts of the setup. Wires from the voltage sequencer were then attached to the 
copper electrodes securely and made sure to not contact anything else. The device was then filled 
with phosphate buffer saline by using syringes to fully pump the fluid into the electrode 
chambers and separation chamber. Once the device was fully filled with buffer solution a sample 
was created for testing.  
After much trial and error two solutions were produced, one for each type of 
microsphere. One drop of larger CML microspheres were mixed into 80 mL of buffer solution 
and one drop of the smaller Amine microspheres were mixed into 160 mL of buffer solutions. 
These two solutions were used throughout the experiment. The initial experiments used 5 mL of 
both solutions for a total of 10 mL of sample that was introduced into the device. A syringe was 
used to draw and mix the sample together and the syringe was then secured into the input syringe 
pump.  
The input tubing was then attached to the syringe and the output tubing was attached to 
two other syringes attached to syringe pumps. The syringe pumps were first turned on. They 
were then set to hold 10 mL syringes and set at a flow rate of 2.45 µL/sec. The input syringe 
pump was set to push the sample into the device and the outlet syringe pumps were set to draw 
the resulting samples out.  
On the computer the voltage sequencer software was used by first turning it on and 
synching the device with the computer. Output channel A was then toggled and set to send a 
voltage output. The voltage output was set to 56.9 volts. The software was then setup to readout 
voltages being supplied to the device which can change drastically. Throughout the experiment 
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the current would sometimes exceed the limits and shut the voltage off. When the voltage was 
finally stabilized it would alternate between approximately 50 and 70 volts throughout the 
experiment, but hovered closer to 70 volts most of the time.  
Once the voltage sequencer was set and turned on, the experiment could proceed. The 
syringe pumps were all turned on simultaneously and let to run until the device was filled with 
fluid.  
 
3.5.3 Static Separation Testing 
The first experiment performed was a static separation test, which means that there was 
no fluid flow during this experiment. The purpose of this experiment was to visually see if the 
microspheres were moving toward their prospective positions due just to the voltage. This 
experiment was performed by placing the device on a LabView inverted microscope and by 
using the microscopes camera to capture the microsphere’s movement. It was found that the 
negative CML microspheres moved towards the positive voltage and the positive amine 
microspheres migrated towards the negative voltage. This went as expected and showed that the 
separation of the microspheres was possible given an appropriate flow rate, voltage, and time 
period. An image of the migration of microspheres can be seen in the figure below.  
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Figure 15: Static Migration of Microspheres 
 
 
3.6 Experimental Design and Testing 
3.6.1 Microsphere Solution Preparation  
For this study two types of microspheres were obtained in order to simulate the 
separation of albumin from a blood sample. The first type of microsphere was carboxylate 
modified with dragon green fluorescence (480,520). These microspheres had a diameter of 9.77 
µm, which is comparable to the size of erythrocytes [12]. They were recommended to be used in 
pH conditions greater than 5 and were negatively charged [13]. The second microsphere was an 
amine modified with red fluorescence (575, 610). These microspheres had a diameter of 1 µm, 
which is comparable to the size of albumin [14]. They were recommended to be used in pH 
conditions less than 9 and were positively charged [13].  
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The microspheres were then mixed with phosphate buffer saline (PBS) with a pH of 7.4, which 
allowed both microspheres to have a charge associated with them. A 1 mL solution was then 
created using a concentration table (Table 1). Three experiments were performed for each 
concentration ratio and initial solutions were also created for imaging. 
Concentration 
 
Carboxylate 
 
Amine 
 
1:1 
 
1 µL 
 
1µL 
 
2:1 
 
2 µL 
 
1 µL 
 
3:1 
 
3 µL 
 
1 µL 
 
1:2 
 
1 µL 
 
2 µL 
 
1:3 
 
1 µL 
 
3 µL 
 
  
Table 1: Microsphere Concentration Ratios 
 
3.6.2 Filtration Protocol 
To begin the study the syringe pumps and voltage sequencer were set up. Three syringe 
pumps were used with one attached to the inlet and two attached to the outlets. The syringe 
pumps were then programmed to hold a 10 mL syringe and push/pull with a steady flow rate of 
.294 mL/min. A syringe of 10 mL of PBS was then placed in the inlet syringe pump and two 
empty 10 mL syringes were placed in the outlet syringe pumps. The voltage sequencer was then 
attached to the copper wire electrodes and the voltage was set to 56.9 V. Both values for flow 
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rate and voltage were acquired from the mathematical model mentioned previously.  The device 
was then manually filled using PBS. Once this was done, the microsphere solution was vortexed 
and injected into the inlet. The device was then started by running both the syringe pumps and 
voltage sequencer simultaneously. After 6 minutes the syringe pumps and voltage sequencer 
were shut off and the fluid in the outlet syringe pumps were collected.  
 
Figure 16: Experimental Setup of the Device: The top of the picture is the voltage sequencer.  
The left and right are syringe pumps. 
 
3.6.3 Filter Paper Preparation 
In order to image the initial and outlet solutions, glass fiber filter paper was used. The 
filter paper had a diameter of 25 mm and a pore size of 0.9 µm. The pore size was smaller than 
the size of the microspheres used, which allows the paper to trap all microspheres during 
filtration. The filters were placed on top of graduated cylinders and the solutions were pipetted 
onto the filters. The solutions were filtered via gravity and once fully filtered were allowed to dry 
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for 4 hours. Once the filters were dried they were adhered to glass slides in preparation for 
imaging.  
 
3.6.4 Widefield Imaging 
To image the filter papers the widefield fluorescent microscope was used. Each filter 
paper was divided into 5 quadrants as can be seen below. For each filter, dragon green and 
fluorescent red microscope filters were used to view both types of microspheres. Pictures were 
taken in the same location for each microscope filter in order to be as accurate as possible. The 
excitation light was set at .500 for the entire duration of imaging.  
 
Figure 17: Filter Paper Imaging Quadrants 
3.6.5 Analysis 
Images were analyzed in imageJ by taking intensity measurements.  Intensities were 
calculated for the 5 quadrant pictures for both the dragon green and red florescent filter paper. 
The five intensities were then averaged together to get a single intensity measurement per trail 
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for the red and green microspheres. To obtain an average intensity measurement for both the red 
and green microspheres at each concentration, the calculated intensities for each trial were 
averaged together.   Purity measurements were then calculated from the intensity measurements 
with the following equations: 
                    
                                            
 
                      
                                            
 
One way ANOVAs were run using Minitab to test for differences in intensity and purity between 
the initial dilution, outlet A, and outlet B. 
 
4. Results 
Intensity values for both red and green microspheres from outlet A and B did not differ 
from each other (Fig 6).  None of the prepared concentrations displayed any differences between 
the outlets for either the red or green microspheres.  The 1:2 dilutions had outlet intensities that 
were different from the initial intensities measured, but this does not suggest that the device was 
effective in separating the charged particles.  
37 
 
 
Figure 18: Intensity of Microspheres from Device: A) Representative image of green 
microspheres B) Representative image of red microsphere C) Graph of the intensity of the 
fluorescent signal for each concentration. n=3 for each trial. * p<0.05 vs. initial  
The results from the purity measurements were similar to the intensity measurements.  
Although the 1:1 and 1:3 dilutions had outlet purities that were different than initial purities, 
none of the red or green purities calculated from outlet A or B were different from one another 
(Fig 7). 
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Figure 19: Purity of Microspheres Mixtures from Device: A) Representative image of green 
microspheres B) Representative image of red microsphere C) Graph of the purity of the 
fluorescent signal for each concentration. n=3 for each trial. * p<0.05 vs. initial  
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5. Conclusions / Discussion 
There was no difference between the red and green intensities or purities from outlet A 
and B.  Therefore, the device created was unable to effectively separate the particles.  The 
device’s ability to separate charged particles was not affected by differing concentrations of 
microspheres since none of the different concentrations were separated. 
There were many difficulties encountered during the experiment which could explain 
why the device created was unable to separate the microspheres.  First, the side ports created to 
more easily fill the device at the beginning of experiments were leaking.  The leaking may have 
disrupted the continuous fluid flow required to have a continuous voltage applied to the solution 
being pumped through the device.  If the voltage was not applied then there would be no 
separation of the microspheres.  Attempts were made to prevent the device from leaking, 
including remaking the device and gluing the leaks with silicone glue as they formed.  But the 
leaking could not be stopped.  In the future a new design should be used which has gaskets to 
prevent leaking and bolts to tighten the device. 
Second, the protocol did not include a sonication step.  This means that there could have 
been clumping of microspheres which resulted in uneven numbers of microspheres being pulled 
up when creating the dilutions.  This could have accounted for some of the variability between 
trials.  The next experiments should ensure that the microspheres are sonicated before creating 
the dilutions to ensure that equal numbers of microspheres are pulled up in each trial 
concentration. 
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Third, the original experimental design was to count the individual microspheres lodged 
in the filter paper from outlets A and B; however, while the green microspheres could be counted 
in imageJ, the concentration of red microspheres was too high preventing a count in imageJ.  
Therefore, the measurement was changed from an individual count to intensity measurements.  
While intensity measurements would have shown large differences in the device’s separation 
ability perhaps smaller differences were obscured which could have been seen with a more 
accurate count of individual microspheres.  The next set of experiments should determine what 
concentration of red microspheres would give images that allow the microspheres to be counted 
individually.  Then future experiments may be able to determine the effectiveness of the device 
using this lower concentration. 
There were other limitations encountered during the experiment which could be 
improved upon for future experimentation.  The filtering method, which involved taking each 
outlet solution in a syringe and manually squirting it through the filter paper was very inefficient.  
This was because each outlet syringe had approximately 10 mL of solution and the filter paper 
had a very small pore size of 0.9 µm.  In the future it would beneficial to purchase a steriflip 
filter unit (Item # SCGP00525 Millipore) which attaches directly to 50 mL conicals.  This would 
allow rapid filtration of the outlet solutions through filters enabling more replicates to be 
performed faster in the future. 
In conclusion, the device created was not able to effectively separate the microspheres.  
This means it would be ineffective in separating charged particles, such as blood cells and 
albumin.  The lack of separation may have been due to some of the problems encountered during 
experimentation, including lack of sonication and non-continuous fluid flow.  Future work 
should focus on creating a new smaller device with increased measures to prevent leaking, lower 
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concentrations of microspheres to enable individual microsphere counting, improved filtering 
methods, and physiological concentrations of microspheres. 
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Appendix A 
Excel Spreadsheet  
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Appendix B 
Comsol Model and Parameters
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Appendix C 
Double H Filter Protocol 
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Appendix D 
Intensity and Purity Measurements: 1:1 Dilution 
Intensity 
    (1:1)  Initial Outlet A Outlet B 
Trial Quadrant Red Green Red Green Red Green 
1 
1 16.624 1.779 18.261 1.284 9.655 3.369 
2 8.124 1.229 15.178 1.164 11.231 2.45 
3 16.383 1.274 12.057 1.897 17.76 3.195 
4 8.076 1.232 8.729 1.549 20.678 1.524 
5 9.689 2.527 26.51 1.955 16.253 1.56 
Average 11.7792 1.6082 16.147 1.5698 15.1154 2.4196 
2 
1 10.512 2.038 13.428 1.349 24.983 2.59 
2 15.71 3.896 12.604 1.404 15.369 1.546 
3 11.415 2.569 7.356 1.068 15.555 1.385 
4 21.86 4.351 12.47 1.477 23.262 2.096 
5 7.349 1.989 15.06 1.375 5.275 1.1 
Average 13.3692 2.9686 12.1836 1.3346 16.8888 1.7434 
3 
1 4.912 1.028 8.352 1.105 7.437 1.249 
2 9.505 1.256 15.177 1.953 8.295 1.441 
3 6.667 1.261 18.886 1.858 12.997 1.876 
4 10.878 1.851 6.003 1.098 7.332 1.425 
5 7.617 1.583 4.021 1.096 7.217 1.081 
Average 7.9158 1.3958 10.4878 1.422 8.6556 1.4144 
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Purity 
       (1:1)   Initial Outlet A Outlet B 
Trial Quadrant Red Green Red Green Red Green 
1 
1 0.903331 0.096669 0.9343054 0.0656946 0.7413237 0.2586763 
2 0.8685983 0.1314017 0.9287725 0.0712275 0.8209195 0.1790805 
3 0.9278473 0.0721527 0.8640533 0.1359467 0.8475304 0.1524696 
4 0.8676407 0.1323593 0.8492897 0.1507103 0.9313575 0.0686425 
5 0.7931401 0.2068599 0.9313192 0.0686808 0.9124235 0.0875765 
Average 0.8721115 0.1278885 0.901548 0.098452 0.8507109 0.1492891 
2 
1 0.8376096 0.1623904 0.9087095 0.0912905 0.9060675 0.0939325 
2 0.8012853 0.1987147 0.8997716 0.1002284 0.9086018 0.0913982 
3 0.81629 0.18371 0.8732194 0.1267806 0.9182409 0.0817591 
4 0.834001 0.165999 0.8940991 0.1059009 0.9173436 0.0826564 
5 0.7869994 0.2130006 0.9163371 0.0836629 0.827451 0.172549 
Average 0.8152371 0.1847629 0.8984273 0.1015727 0.895541 0.104459 
3 
1 0.826936 0.173064 0.8831553 0.1168447 0.8562054 0.1437946 
2 0.8832822 0.1167178 0.8859895 0.1140105 0.8519926 0.1480074 
3 0.8409435 0.1590565 0.9104319 0.0895681 0.8738654 0.1261346 
4 0.854584 0.145416 0.8453739 0.1546261 0.837273 0.162727 
5 0.8279348 0.1720652 0.785812 0.214188 0.8697276 0.1302724 
Average 0.8467361 0.1532639 0.8621525 0.1378475 0.8578128 0.1421872 
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Appendix E 
Intensity and Purity Measurements: 1:2 Dilution 
Intensity 
    (1:2)   Initial Outlet A Outlet B 
Trial Quadrant Red Green Red Green Red Green 
1 
1 19.158 2.006 21.464 2.154 7.971 1.21 
2 20.624 1.878 34.438 3.646 6.455 1.261 
3 19.638 1.898 18.848 1.925 8.172 1.209 
4 26.667 2.536 15.47 1.884 7.604 1.137 
5 33.576 2.705 6.78 1.146 4.79 1.188 
Average 23.9326 2.151 19.4 1.201 6.9984 1.201 
2 
1 40.826 3.583 10.864 1.534 10.846 1.666 
2 31.264 2.997 15.693 1.99 11.266 1.445 
3 17.287 1.762 26.038 2.748 11.295 1.287 
4 30.045 1.725 11.096 1.271 10.748 1.287 
5 20.987 1.732 8.27 1.413 8.356 1.245 
Average 28.0818 2.3598 14.3922 1.7912 10.5022 1.386 
3 
1 28.726 1.966 7.958 1.354 15.542 1.472 
2 31.373 2.63 10.925 1.576 21.089 1.679 
3 30.409 2.134 7.573 1.35 11.768 1.306 
4 27.925 2.304 6.565 1.332 11.225 1.275 
5 27.677 2.223 5.786 1.346 7.692 1.171 
Average 29.222 2.2514 7.7614 1.3916 13.4632 1.3806 
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Purity 
       (1:2)   Initial Outlet A Outlet B 
Trial Quadrant Red Green Red Green Red Green 
1 
1 0.905216 0.094784 0.908798 0.091202 0.868206 0.131794 
2 0.916541 0.083459 0.904264 0.095736 0.836573 0.163427 
3 0.911868 0.088132 0.907332 0.092668 0.871122 0.128878 
4 0.91316 0.08684 0.891437 0.108563 0.869923 0.130077 
5 0.925443 0.074557 0.855413 0.144587 0.801271 0.198729 
Average 0.914446 0.085554 0.893449 0.106551 0.849419 0.150581 
2 
1 0.919318 0.080682 0.87627 0.12373 0.866848 0.133152 
2 0.912524 0.087476 0.887463 0.112537 0.886319 0.113681 
3 0.907502 0.092498 0.904537 0.095463 0.897711 0.102289 
4 0.945703 0.054297 0.897226 0.102774 0.893062 0.106938 
5 0.923764 0.076236 0.854074 0.145926 0.870326 0.129674 
Average 0.921762 0.078238 0.883914 0.116086 0.882853 0.117147 
3 
1 0.935944 0.064056 0.854596 0.145404 0.913483 0.086517 
2 0.922654 0.077346 0.87393 0.12607 0.926256 0.073744 
3 0.934425 0.065575 0.848706 0.151294 0.900107 0.099893 
4 0.923782 0.076218 0.831328 0.168672 0.898 0.102 
5 0.925652 0.074348 0.811273 0.188727 0.867878 0.132122 
Average 0.928491 0.071509 0.843967 0.156033 0.901145 0.098855 
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Appendix F 
Intensity and Purity Measurements: 1:3 Dilution 
Intensity 
    (1:3)   Initial Outlet A Outlet B 
Trial Quadrant Red Green Red Green Red Green 
1 
1 32.507 1.567 72.443 5.777 33.573 2.282 
2 45.671 2.588 58.066 4.472 45.622 3.787 
3 23.228 1.333 51.091 3.997 30.79 2.56 
4 46.983 2.537 77.485 6.998 43.308 3.414 
5 32.581 1.75 27.123 1.754 21.266 1.392 
Average 36.194 4.5996 57.2416 2.687 34.9118 2.687 
2 
1 55.567 3.372 57.435 4.039 32.332 2.442 
2 27.548 2.11 55.888 3.935 29.601 2.194 
3 37.057 2.938 70.774 4.985 23.642 1.652 
4 17.598 1.156 47.087 3.355 30.735 2.093 
5 46.948 2.883 19.94 1.363 18.351 1.351 
Average 36.9436 2.4918 50.2248 3.5354 26.9322 1.9464 
3 
1 34.996 1.959 21.604 1.451 36.531 2.694 
2 42.096 2.214 40.122 2.852 47.332 3.959 
3 21.362 1.39 29.541 2.217 42.052 3.244 
4 20.301 1.283 41.193 3.483 45.064 3.62 
5 49.329 2.571 14.092 1.216 16.849 1.161 
Average 33.6168 1.8834 29.3104 2.2438 37.5656 2.9356 
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Purity 
       (1:3)   Initial Outlet A Outlet B 
Trial Quadrant Red Green Red Green Red Green 
1 
1 0.954012 0.045988 0.926144 0.073856 0.936355 0.063645 
2 0.946373 0.053627 0.928491 0.071509 0.923354 0.076646 
3 0.945727 0.054273 0.927443 0.072557 0.923238 0.076762 
4 0.948768 0.051232 0.917167 0.082833 0.926929 0.073071 
5 0.949026 0.050974 0.93926 0.06074 0.938565 0.061435 
Average 0.948781 0.051219 0.927701 0.072299 0.929688 0.070312 
2 
1 0.942788 0.057212 0.934297 0.065703 0.929775 0.070225 
2 0.928856 0.071144 0.934223 0.065777 0.930995 0.069005 
3 0.926541 0.073459 0.934199 0.065801 0.934688 0.065312 
4 0.93836 0.06164 0.933488 0.066512 0.936243 0.063757 
5 0.942144 0.057856 0.936018 0.063982 0.931428 0.068572 
Average 0.935738 0.064262 0.934445 0.065555 0.932626 0.067374 
3 
1 0.94699 0.05301 0.937064 0.062936 0.931319 0.068681 
2 0.950034 0.049966 0.933634 0.066366 0.922813 0.077187 
3 0.938906 0.061094 0.930191 0.069809 0.928382 0.071618 
4 0.940558 0.059442 0.922039 0.077961 0.925643 0.074357 
5 0.950462 0.049538 0.920564 0.079436 0.935536 0.064464 
Average 0.94539 0.05461 0.928698 0.071302 0.928739 0.071261 
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Appendix G 
Intensity and Purity Measurements: 2:1 Dilution 
Intensity 
    (2:1)   Initial Outlet A Outlet B 
Trial Quadrant Red Green Red Green Red Green 
1 
1 11.655 2.021 15.058 2.857 27.737 3.919 
2 12.085 2.978 11.115 1.664 23.54 3.514 
3 18.882 3.285 7.351 1.826 23.92 3.514 
4 10.874 2.21 6.722 1.422 26.183 4.609 
5 9.859 1.797 1.991 1.137 8.638 1.477 
Average 12.671 1.7812 8.4474 3.4066 22.0036 3.4066 
2 
1 23.14 3.929 7.798 1.499 7.686 2.055 
2 20.078 3.459 8.137 1.843 7.404 2.023 
3 12.703 2.091 10.809 1.797 13.088 2.225 
4 20.467 3.668 13.195 2.804 8.744 1.971 
5 9.361 2.483 6.972 1.4 5.197 1.166 
Average 17.1498 3.126 9.3822 1.8686 8.4238 1.888 
3 
1 7.236 1.401 10.547 3.204 4.043 3.655 
2 10.653 1.673 7.689 2.115 3.632 4.432 
3 15.941 2.746 7.751 2.504 7.647 8.466 
4 13.539 2.381 11.57 3.044 3.387 4.074 
5 9.08 1.288 5.889 1.508 3.834 3.004 
Average 11.2898 1.8978 8.6892 2.475 4.5086 4.7262 
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Purity 
       (2:1)   Initial Outlet A Outlet B 
Trial Quadrant Red Green Red Green Red Green 
1 
1 0.852223 0.147777 0.840525 0.159475 0.8762 0.1238 
2 0.802297 0.197703 0.869786 0.130214 0.870112 0.129888 
3 0.851807 0.148193 0.801024 0.198976 0.871911 0.128089 
4 0.831091 0.168909 0.825393 0.174607 0.850318 0.149682 
5 0.84583 0.15417 0.636509 0.363491 0.853979 0.146021 
Average 0.83665 0.16335 0.794647 0.205353 0.864504 0.135496 
2 
1 0.854852 0.145148 0.838765 0.161235 0.789036 0.210964 
2 0.85304 0.14696 0.815331 0.184669 0.785404 0.214596 
3 0.858659 0.141341 0.857449 0.142551 0.854699 0.145301 
4 0.848022 0.151978 0.824739 0.175261 0.816052 0.183948 
5 0.790358 0.209642 0.832776 0.167224 0.816753 0.183247 
Average 0.840986 0.159014 0.833812 0.166188 0.812389 0.187611 
3 
1 0.837791 0.162209 0.766999 0.233001 0.525201 0.474799 
2 0.864271 0.135729 0.784272 0.215728 0.450397 0.549603 
3 0.853053 0.146947 0.755826 0.244174 0.474586 0.525414 
4 0.85044 0.14956 0.791707 0.208293 0.453961 0.546039 
5 0.875772 0.124228 0.796134 0.203866 0.56069 0.43931 
Average 0.856265 0.143735 0.778987 0.221013 0.492967 0.507033 
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Appendix H 
Intensity and Purity Measurements: 3:1 Dilution 
Intensity 
    (3:1)   Initial Outlet A Outlet B 
Trial Quadrant Red Green Red Green Red Green 
1 
1 12.132 3.924 7.441 4.866 10.615 3.01 
2 12.204 4.848 10.824 5.425 8.949 1.594 
3 14.196 5.086 7.279 3.449 11.781 2.14 
4 16.239 5.711 5.61 2.281 10.233 3.274 
5 13.373 6.524 4.123 2.096 6.904 1.924 
Average 13.6288 5.2186 7.0554 3.6234 9.6964 2.3884 
2 
1 14.032 4.58 12.929 3.321 13.508 4.078 
2 7.303 3.343 13.852 2.1 15.281 3.242 
3 12.905 6.707 11.79 2.244 13.864 2.937 
4 n/a n/a 10.448 1.585 12.949 2.808 
5 21.594 6.477 6.324 1.578 5.327 1.943 
Average 13.9585 5.27675 11.0686 2.1656 12.1858 3.0016 
3 
1 15.344 3.973 8.346 2.003 12.821 5.536 
2 12.731 3.923 7.18 2.12 35.062 12.143 
3 8.199 3.043 7.448 3.122 21.371 7.332 
4 n/a 3.029 5.502 1.828 15.458 5.181 
5 16.382 4.443 5.14 2.073 10.377 3.158 
Average 13.164 3.6822 6.7232 2.2292 19.0178 6.67 
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Purity 
       (3:1)   Initial Outlet A Outlet B 
Trial Quadrant Red Green Red Green Red Green 
1 
1 0.755605 0.244395 0.604615 0.395385 0.779083 0.220917 
2 0.715693 0.284307 0.666133 0.333867 0.84881 0.15119 
3 0.736231 0.263769 0.678505 0.321495 0.846275 0.153725 
4 0.739818 0.260182 0.710937 0.289063 0.757607 0.242393 
5 0.672111 0.327889 0.662968 0.337032 0.782057 0.217943 
Average 0.723892 0.276108 0.664632 0.335368 0.802766 0.197234 
2 
1 0.753922 0.246078 0.795631 0.204369 0.768111 0.231889 
2 0.685985 0.314015 0.868355 0.131645 0.824974 0.175026 
3 0.658016 0.341984 0.840103 0.159897 0.825189 0.174811 
4     0.868279 0.131721 0.821793 0.178207 
5 0.769264 0.230736 0.800304 0.199696 0.732737 0.267263 
Average 0.716797 0.283203 0.834534 0.165466 0.794561 0.205439 
3 
1 0.794326 0.205674 0.806455 0.193545 0.698426 0.301574 
2 0.764441 0.235559 0.772043 0.227957 0.74276 0.25724 
3 0.729319 0.270681 0.704636 0.295364 0.744556 0.255444 
4     0.750614 0.249386 0.74897 0.25103 
5 0.786651 0.213349 0.712602 0.287398 0.766679 0.233321 
Average 0.768684 0.231316 0.74927 0.25073 0.740278 0.259722 
 
*Image 4 was not taken for trails 2 and 3. 
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Appendix I  
Summarized Intensity and Purity Measurements 
Intensity 
           
    1:1 green:red 1:2 green:red 1:3 green:red 2:1 green:red 3:1 green:red 
  Trial Green Red Green Red Green Red Green Red Green Red 
Initial 1 2.42 11.78 2.2 32.93 1.96 36.19 2.46 12.67 5.22 13.63 
  2 2.97 13.37 2.36 28.08 2.49 36.94 3.13 17.15 5.28 13.96 
  3 1.4 7.92 2.25 29.22 1.88 33.62 1.88 11.29 3.68 13.16 
A 1 1.61 16.15 2.15 19.4 4.6 57.24 1.78 8.45 3.62 7.05 
  2 1.33 12.18 1.79 14.39 3.54 50.22 1.87 9.38 2.17 11.07 
  3 1.42 10.49 1.39 7.76 2.24 29.31 2.48 8.69 2.23 6.72 
B 1 1.57 15.12 1.2 7 2.69 34.91 3.41 22 2.38 9.7 
  2 1.74 16.89 1.39 10.5 1.95 26.93 1.89 8.42 3 12.19 
  3 1.41 8.66 1.38 13.46 2.94 37.57 4.73 4.51 6.67 19.02 
Purity 
    1:1 green:red 1:2 green:red 1:3 green:red 2:1 green:red 3:1 green:red 
  Trial Green Red Green Red Green Red Green Red Green Red 
Initial 1 0.1278885 0.8721115 0.0843472 0.9156528 0.0512189 0.9487811 0.1633503 0.8366497 0.2761083 0.7238917 
  2 0.1847629 0.8152371 0.0782376 0.9217624 0.0642622 0.9357378 0.1590138 0.8409862 0.2832033 0.7167967 
  3 0.1532639 0.8467361 0.0715085 0.9284915 0.05461 0.94539 0.1437348 0.8562652 0.2313159 0.7686841 
A 1 0.098452 0.901548 0.1065512 0.8934488 0.0722989 0.9277011 0.2053526 0.7946474 0.3353684 0.6646316 
  2 0.1015727 0.8984273 0.1160859 0.8839141 0.0655549 0.9344451 0.1661881 0.8338119 0.1654658 0.8345342 
  3 0.1378475 0.8621525 0.1560333 0.8439667 0.0711094 0.9286983 0.2210126 0.7789874 0.2507301 0.7492699 
B 1 0.1492891 0.8507109 0.1505807 0.8494193 0.0713017 0.9296883 0.1354959 0.8645041 0.1972336 0.8027664 
  2 0.104459 0.895541 0.1171469 0.8798481 0.0673739 0.9326261 0.1876113 0.8123887 0.205439 0.794561 
  3 0.1421872 0.8578128 0.0930085 0.0988552 0.0712614 0.9287386 0.507033 0.492967 0.2597217 0.7402783 
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Appendix J 
Raw Images 
Concentration 1:1 Trial 1 Outlet A 
1.   2.    3.   4.    5.  
 
 
 
1.   2.    3.   4.    5.  
 
 
 
Concentration 1:1 Trial 1 Outlet B 
1.   2.    3.   4.    5.  
 
 
 
1.   2.    3.   4.    5.  
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Concentration 1:2 Trial 1 Outlet A 
1.   2.    3.   4.    5.  
 
 
 
1.   2.    3.   4.    5.  
 
Concentration 1:2 Trial 1 Outlet B 
1.   2.    3.   4.    5.  
1.   2.    3.   4.    5.  
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Concentration 1:3 Trial 1 Outlet A 
1.   2.    3.   4.    5.  
1.   2.    3.   4.    5.  
Concentration 1:3 Trial 1 Outlet B 
1.   2.    3.   4.    5. 
 
1.   2.    3.   4.    5. 
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Concentration 2:1 Trial 1 Outlet A 
1.   2.    3.   4.    5. 
1.   2.    3.   4.    5. 
 
 
 
Concentration 2:1 Trial 1 Outlet B 
1.   2.    3.   4.    5. 
1.   2.    3.   4.    5. 
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Concentration 3:1 Trial 1 Outlet A 
1.   2.    3.   4.    5. 
1.   2.    3.   4.    5. 
Concentration 3:1 Trial 1 Outlet B 
1.   2.    3.   4.    5. 
 
 
 
1.   2.    3.   4.    5. 
 
 
 
